Expression of adult-type nicotinic acetylcholine receptors at the neuromuscular junction is thought to result from selective induction of their genes in endplateassociated nuclei due to local neurotrophic control. However, denervation studies indicate that endplatespecific expression can be maintained in the absence of the nerve. We investigated the role played by the basal lamina in this expression by assaying for the adult-typespecific E RNA in noninnervated regenerating muscle. We found that this RNA is locally expressed beneath the old endplates after 10 days of regeneration. At earlier times E RNA is also found in areas other than the endplate region. These results indicate that in adult muscle the basal lamina contains all the components necessary to direct nicotinic acetylcholine receptor gene expression to the endplate.
Introduction
During development of the neuromuscular junction (NMJ) there is a switch in the expression of nicotinic acetylcholine receptors (nAChR) from an embryonictype (c&S) to an adult-type (a&6) (Gu and Hall, 1988; Mishinaet al., 1986; Witzemann et al., 1987,199O) . This switch in expression is correlated with muscle innervation. Embryonic receptors arefound throughout the noninnervated muscle fibers' surface, whereas adult receptors are localized tothe endplatesof innervated fibers. This distribution of protein is reflected in the distribution of receptor RNA (Fontaine and Changeux, 1989; Goldman and Staple, 1989; Brenner et al., 1990) . Loss of embryonic-type receptors from extrajunctional regions of the muscle fiber is a result of muscle activity suppressing expression of their genes (Goldman et al., 1988; Klarsfeld and Changeux, 1985) . The mechanism by which adult-type nAChRs and their RNAs are locally expressed beneath the NMJ is not known. It may result from selective expression of nAChR genes in endplate-associated nuclei. Alternatively, all muscle nuclei might express adult-type nAChR genes, whose RNA is then transported to and/ or stabilized at the endplate.
The gene encoding the E subunit of adult-type receptors is unique in that it appears to be induced in endplate-associated nuclei as a result of muscle innervation (Brenner et al., 1990) . However, unlike the other nAChR subunit-encoding genes, the E subunit gene is not regulated by muscle activity. In contrast, expression of the gene encoding they subunit of embryonic receptors is suppressed by muscle activity and appears not to be induced at the NMJ (Goldman et al., 1988; Goldman and Staple, 1989) . Therefore, the E RNA is an excellent marker for characterizing endplate-specific expression, while the y RNA is indicative of extrajunctional and activity-regulated expression.
Recently it has been shown that local induction of E RNA expression beneath the NMJ requires muscle innervation. However, if one disrupts this interaction by denervation, E RNA persists at the endplate (Brenner et al., 1990) . There are two possible explanations for this result: E RNA is extremely stable and remains at the endplate even after denervation, or brief interactions of nerve and muscle during development result in long-term changes at the NMJ. These changes persist in denervated muscle, resulting in endplatespecific expression of E RNA, even in the absence of the neuron. In the latter case we thought it likely that these interactions would be mediated through components of the synaptic basal lamina, as observed for nAChR clustering (Bader, 1981; McMahan and Wallace, 1989) . We tested these alternative possibilities by comparing the levels and distribution of E and y subunit-encoding RNA in regenerating noninnervated extensor digitorum longus (EDL) and soleus muscles. The regenerating muscle fibers result from fusion of dividing satellite cells that repopulate the original basal lamina. Therefore, these newly formed muscle fibers have never directly experienced the motoneuron.
Results
The methodologyto produce noninnervated regenerating muscles is illustrated in Figure la and described in detail in Experimental Procedures. Briefly, muscles were denervated by sectioning the sciatic nerve high in the thigh. To induce muscle degeneration and regeneration, the denervated musclewas removed from the leg and soaked in a 0.75% Marcaine solution before grafting it back into its original site. The combination of Marcaine treatment and grafting results in elimination of over 99% of the original muscle fibers (Carlson, 1976) . Therefore, all muscle fibers examined in the experiments reported belowwere regenerating and not innervated.
tnduction of E RNA Expression Beneath Old Endplates of Noninnervated Regenerating Muscle In situ hybridization was used to assayfory and E RNA expression and distribution in noninnervated regenerating muscle. Probes used to identify these are illustrated in Figure 3b . The exoniintron organization of the y and E subunit-encoding genes based on studies of Buonanno et al. (1989) . The lengths of the boxes (exons) and lines (introns) are not meant to reflect accurately the sizes of these introns and exons. The second line represents the protein domains encoded by these exons. Ml through M4 represent putative transmembrane domains, and MA represents an amphipathic helix that may interact with the membrane. The last two lines represent the sequences that the y and E RNA probes encompass. In situ hybridization of longitudinal sectionsfrom2,4,7,and20daynoninnervated regenerating EDL muscle with antisense E or y RNA-specific probes. After in situ hybridization, slides were exposed to emulsion for 7 days. Photomicrographs were taken using dark-field optics and a 10x objective. Magnification, 16x.
was heterogeneous among the myotubes with most expressing these RNAs at relatively high levels, and some expressing them at moderate to low levels. Although the regenerating fibers were quite small, the y and E RNAs appeared to be found throughout them. This expression was generally found at the extreme distal and proximal ends of the muscle, where regeneration was most easily observed.
Surprisingly, these regions were devoid of endplates, as revealed by acetylcholinesterase staining (see Figure  5 ). Any differences noticed between E and y RNA expression around day 4 of regeneration could be attributed to variability in the number and length of regenerating myotubes in the different muscle sections. The first clear difference in the distribution of these RNAs was observed at day 7, when the E RNA showed a much more restricted pattern of expression compared with the y RNA. Acetylcholinesterase staining of serial sections revealed that some of the patches of E RNA resided beneath theold NMJs (data not shown). By day 20 of regeneration the muscle fibers appeared similar to normal adult fibers, with E RNA localized to a discrete region of the fiber, corresponding to old NMJs (Figure 3) assay showing E RNA expression in day 17 (Dl7) and day 20 (D20) rat embryos. The arrow points to the fragment of E RNA specifically protected by the antisense probe. The fainter band below this is generated artifactually from the probe, since appearance is independent of addition of muscle RNA in the RNAase protection assay. Approximately 38 ug of total RNA was used in each protection.
D13 is RNA isolated from day 13 embryonic bodies lacking heads; D17
proximal regions of endplate-containing or -lacking muscle, (data for endplate-lacking regenerate are shown in Figures 5e and 56 . By day14 normal regenerating muscle showed the typical localization of E RNA to the endplate-containing central region (Figures 5c  and 5d ), whereas regenerating soleus muscle lacking endplates showed no E RNA expression (Figures 5g  and 5h show a central region of the endplate-lacking muscle). Therefore, unlike the localized expression of E RNA in day 14 regenerates, the early pattern of E subunit gene expression does not appear to depend upon the presence of the original endplates.
E RNA Is Expressed in the Noninnervated Mouse C2 Cell Line and Rat Primary Muscle Cultures Sincec RNA is expressed early during muscle regeneration in non-endplate regions of the muscle, we examined whether this gene is also expressed in noninnervated muscle cells in culture. Rat primary muscle cells were isolated from day 18-20 embryos and grown in culture. In situ hybridization
shows that E RNA is expressed throughout the myotubes of rat primary muscle cultures (Figure 6a ). This pattern of expression, as assayed by in situ hybridization, did not change significantly between myotubes maintained in culture for 3 days versus 2 weeks. This expression was confirmed by RNAase protection assays (Figure 6b ). No expression was detected in undifferentiated myoblasts, whereas significant expression was found in differentiated myotubes derived from rat primary myoblasts and the continuous mouse muscle cell line, C2.
The finding of s RNA expression in rat primary muscle cells grown in culture prompted us to look for its expression during embryonic development.
For this analysis we used the more sensitive RNAase protection assay. This assay revealed low to undetectable levelsofeRNAinday13embryos,yet byday17signifi-cant levels of this transcript were detected ( Figure 6~ ). Since the day 13 RNA was isolated from embryonic bodies and the day 17 and day 20 RNAs were isolated from embryonic limbs, it is difficult to make quantitative conclusions about the abundance of this transcript during embryonic development.
Discussion
The experiments reported here were designed to test the role the basal lamina played in maintaining nAChR RNA expression at the endplates of denervated adult skeletal muscle. Our strategy was to denervate the muscle and then induce rapid degeneration followed by regeneration by using a combination of Marcaine treatment and grafting. Marcaine is a local anesthetic drug that induces rapid degeneration and regeneration of whole skeletal muscle (Benoit and Belt, 1970) . Grafting causes the destruction of a large central core and D20 are RNAs isolated from limbs. Autoradiograms were exposed to X-ray film for 2 days. of muscle fibers due to ischemic necrosis, but leaves a thin rim of surviving muscle fibers at the periphery of the graft. Soaking the removed muscle in Marcaine results in the destruction of almost all of the remaining peripheral muscle fibers in the graft (Carlson, 1976) . Following this procedure the muscle fibers underwent first ischemic, and then phagocyte-mediated degeneration.Then, in conjunction with spontaneous revascularization, new muscle fibers regenerated within the persisting basal laminae from the original musclefibers. Reinnervation of musclewas prevented by using a denervation procedure that included, in addition to sectioning the sciatic nerve, suturing the proximal and distal nerve stumps and implanting the proximal nerve stump into a nearby muscle. Previous experiments, employing silver staining of segments of the distal nerve and electrical stimulation of the transected sciatic nerve have shown that this denervation procedure prevents the return of nerve fibers for a period of time extending beyond 22 months (Carlson and Faulkner, 1988) . Therefore, the newly formed fibers have never directly experienced the motoneuron.
After approximately 14 days of regeneration, E RNA was found localized beneath the old endplates, whereas y RNA was found throughout the fiber (Figures 2, 3, 4 , and 5). These results are consistent with the idea that the basal lamina can maintain endplatespecific expression of E RNA in the absence of the innervating neuron. It is unlikely that this localized expression of E RNA resulted from reinnervation of regenerating muscle fibers for the following reasons: the denervation procedure allows permanent denervation of the lower leg (Carlson and Faulkner, 1988) ; serial sections showed high levels of y RNA throughout the muscle fiber, which would be lowto undetectable if the muscles were reinnervated; and the majority of identified endplates expressed E RNA locally beneath them (a minority would be expected if a few fibers were able to be reinnervated). In addition, this expression was not due to surviving original muscle fibers, since at early times of regeneration (day 2) no fibers expressing E or y RNA could be identified and all expression at later times was confined to the rather thin, easily identifiable regenerating fibers (Figure 4) . The lack of surviving original muscle fibers is consistent with previous reports showing over 99% of the original muscle fibers are eliminated by a combination of Marcaine treatment and grafting (Carlson, 1976) .
The information mediating this local expression appears to reside in the basal lamina. The components of the basal lamina participating in this effect may be either derived from the motoneuron or induced in muscle upon innervation. In either case, deposition in the basal lamina would occur. Since the effects of the basal lamina persist for long periods of time following denervation, it is likely that the responsible component is quite stabie. Alternatively, this component may be autoregulatory so that its presence in the basal lamina induces its synthesis in the muscle. This activity of the basal lamina explains the imprinting noticed byother investigators in which Esubunitgene expression is initiated by muscle innervation, but its maintenance does not depend upon continued innervation (Brenner et al., 1990) . In this case the basal iamina serves as a type of memory for the muscle, conferring nerve-dependent properties on a noninnervated fiber. These results indicate the importance of basal lamina components in defining and maintaining synaptic and extrasynaptic domains of the muscle fiber.
The components of the basal lamina responsible for inducing adult-type nAChR gene expression are not known. However, candidates include extracellular matrix molecules localized to the endplate, such as agrin, and perhaps receptors for calcitonin gene-related peptide, ARIA, or astorbate (McMahan and Wallace, 1989; Osterlund et al., 1989; Harris et al., 1988; Horovitz et al., 1989) . These latter receptors are not likely to be directly responsible for the local induction of E RNA at the old endplates of regenerating muscle, since these muscles were not innervated and therefore these receptors would be deprived of their neurally derived ligands. However, basal lamina components that are expressed locally upon muscle innervation, but function independent of the neuron, are likely candidates for mediating the endplate-specific expression of e RNA. ARIA, which is a42 kd glycoprotein purified from chick brains, may be such a molecule. Bt induces synthesis of nAChRs (Harris et ai., 1988); however; whether it resides in the synaptic basal lamina is not known. Agrin is a component of synaptic basal laminathat induces nAChRc1usterir-g; however, agrin has been reported to have no effect on nAChR synthesis (McMahan and Wallace, 1989) .
Unlike the localized pattern of E RNA expression after a couple weeks of regeneration, at early times (day 4) E RNA, like y RNA, is found in non-endplate regions of the fiber ( Figure 5 ). This is exemplified by the observation that E RNA expression is most prevalent at the proximal and distal ends of the regenerating muscle that lack endplates. In addition, if one assays for E RNA at endplate-enriched regions, little or no E RNA expression can be detected ( Figure 5 ). This latter observation does not necessarily imply that E RNA expression is repressed beneath the old endplates, but rather reflects a derth of regenerating fibers associated with old endplates at this early time point. Therefore the pattern of E RNA distribution observed at this early time of regeneration ref!ects the distribution of regenerating and ischemic fibers. The proximal and distal ends of the muscle are enriched for regenerating fibers, whereas the central portion is enriched for ischemic fibers.
Since the day 4 regenerating muscle indicated that E RNA expression could be induced prior,to innervation in extrajunctional regions of the muscle fiber, we investigated whether this gene was also expressed in noninnervated muscle cells in culture. In situ hybrid-izations and RNAase protection assays showed that the continuous mouse muscle cell line, C2, and rat primary muscle cells in culture express E RNA upon differentiation ( Figure 6 ). In addition, this RNA was found throughout the myotube (Figure 6a) (Klarsfeld et al., 1991) . Since this RNA is different from those encoding the nAChRs, one would not expect it to be transported or stabilized in a fashion similar to that of the nAChR RNAs. The fact that the P-galactosidase protein was transiently detected in endplate-associated nuclei from postnatal day 1 through day 4 in the transgenic mouse probably reflects peak expression of this enzyme during this developmental period, which falls below detectable limits at later times. This is consistent with the peak in E subunit RNA expression found to occur in the rat during the first 2 weeks following birth (Witzemann et al., 1989) .
The finding that the nAChR a subunit promoter confers endplate-specific expression on both fi-galactosidase-and a subunit-encoding
RNAs argues for a transcriptional mechanism controlling the spatial expression of this gene in muscle.
Experimental Procedures
Generation of Noninnervated Regenerating Muscle The experiment was conducted on &month-old male Wistar rats of the F-455 strain maintained at the University of Michigan. Rats were anesthetized with ether. The right legs of the rats were first denervated by sectioning the sciatic nerve high in the thigh, suturing the proximal and distal stumps, and implanting the proximal stump into a hip muscle. This procedure allows a permanent denervation of the lower leg (Carlson and Faulkner, 1988) . At the same time, the right soleus or EDL muscle was removed from the leg, soaked for 10 min in 0.75% Marcaine (Winthrop Breon Inc.), and then freely grafted back into its original site. The combination of free grafting plus Marcaine treatment ensures elimination of over 99% of the original muscle fibers (Carlson, 1976) . Free grafting, causes the destruction of a large central core of muscle fibers due to ischemic necrosis, but leaves a thin rim of surviving muscle fibers at the periphery of the graft. Soaking the removed muscle in Marcaine, a highly myotoxic anesthetic, results in the destruction of almost all of the remaining peripheral muscle fibers in the graft. The grafting operation involved suturing the proximal and distal ends of the muscle to the tendon stumps in the leg. No attempt was made to restore the vascular supply. Following the grafting procedure, the muscle fibers underwent first ischemic and then phagocytemediated degeneration.Then, in conjunction with spontaneous revascularization, new muscle fibers regenerated within the persisting basal laminae from the original muscle fibers. At various times from 2 to 35 days following surgery, the rats were perfused with 4% paraformaldehyde-PBS, and the regenerating plus contralateral control muscles were removed and processed for in situ hybridization.
Probes and In Situ Hybridization
Two probes were used in these studies. They subunit cDNA has already been described (Goldman and Staple, 1989) . The rat E subunit-encoding cDNA (19-1-I) was isolated from a denervated rat skeletal muscle cDNA library, using a mouse E subunitencoding cDNA or genomic DNA fragment as a probe (kindly provided by Dr. Gardner, Dartmouth and Dr. Merlie, Washington University).
DNA sequence analysis showed this clone to cover nucleotides 575-1612 of the published rat clone Kriado et al., 1988) . In addition, RNAase protection assays indicated that this clone contained an intron at position 1257. This was confirmed by DNA sequencing. inspection of the E gene sequence shows that this intron is situated between exons 10 and 11 (Buonanno et al., 1989) . 35S-labeled sense and antisense RNA probes were generated from linearized vectors by run-off transcription (Melton et al,, 1984) using [35S] uridine S-(a-thio)triphosphate (40 mCi/ml; Amersham) and either SP6 or T7 polymerase (Promega). Probes were labeled to appoximately the same specific activity and used at a concentration of 50,000 cpm per ~1 of hybridization solution.
The in situ hybridization procedure has previously been described (Goldman and Staple, 1989) . For primary muscle cultures we decreased the proteinase K digestion time to 7 min. In situ hybridizations with regenerating muscle sections were repeated a minimum of 3 times with different animals. All repetitions yielded similar results. Sense-strand probes consistently gave background signals.
RNA Isolation and RNAase Protection Assay RNAwasisolated from musclecellculturesand embryonictissue using the guanidinium isothiocyanate procedure as previously described (Chirgwin et al., 1979; Goldman et al., 1985) . Embryos were dissected from time-mated pregnant Spraque-Dawley rats (Charles River). RNAase protection assays were carried out as previously described (Goldman and Staple, 1989 ). An antisense 32P-labeled E RNA probe was prepared from the same vector (19-1-l) as described above. Linearization of clone 19-1-1 with BamHI, which cleaves this DNA in exon 10, results in approximately a 0.5 kb probe that will protect two fragments in the RNAase protection assay. One fragment (approximately 355 nucleotides) is the result of protecting exons 11 and 12; the other fragment (approximately 140 nucleotides) results from protection of the remaining exon IO sequences. The data presented in this paper show only the larger fragment.
Primary and Clonal Cell Cultures Day18-20ratembryoswereused toisolatemyoblastsforprimary muscle cultures. Hind legs including thigh were deskinned, and the thigh muscles were removed into PBS. Muscles were tweezed apart and placed into 0.25% trypsin, PBS at 37OC for approximately 20-30 min with frequent trituration. Cells were centrifuged and resuspended in DMEM and filtered through a 20 mesh screen. The cells were pelleted again and resuspended in DMEM, 10% fetal calf serum and plated on collagen-coated coverslips at a density of 4 x IO5 cells per 35mm culture dish. After about 4 days in culture, myotubes had begun to form and within the next few days began to contract spontaneously. Growth of the clonal C2 cell line was as previously described (Evans et al., 1987) .
